Acinetobacter baumannii frequently causes nosocomial infections and outbreaks. Whole-genome sequencing (WGS) is a promising technique for strain typing and outbreak investigations. We compared the performance of conventional methods with WGS for strain typing clinical Acinetobacter isolates and analyzing a carbapenem-resistant A. baumannii (CRAB) outbreak. We performed two band-based typing techniques (pulsed-field gel electrophoresis and repetitive extragenic palindromic-PCR), multilocus sequence type (MLST) analysis, and WGS on 148 Acinetobacter calcoaceticus-A. baumannii complex bloodstream isolates collected from a single hospital from 2005 to 2012. Phylogenetic trees inferred from core-genome single nucleotide polymorphisms (SNPs) confirmed three Acinetobacter species within this collection. Four major A. baumannii clonal lineages (as defined by MLST) circulated during the study, three of which are globally distributed and one of which is novel. WGS indicated that a threshold of 2,500 core SNPs accurately distinguished A. baumannii isolates from different clonal lineages. The bandbased techniques performed poorly in assigning isolates to clonal lineages and exhibited little agreement with sequence-based techniques. After applying WGS to a CRAB outbreak that occurred during the study, we identified a threshold of 2.5 core SNPs that distinguished nonoutbreak from outbreak strains. WGS was more discriminatory than the band-based techniques and was used to construct a more accurate transmission map that resolved many of the plausible transmission routes suggested by epidemiologic links. Our study demonstrates that WGS is superior to conventional techniques for A. baumannii strain typing and outbreak analysis. These findings support the incorporation of WGS into health care infection prevention efforts.
A n important role of clinical microbiology is to identify relationships between bacterial isolates. At a broad level, phenotypic and genotypic tests are used to categorize bacterial isolates into the same or different species. Within a bacterial species, techniques are used to group isolates into clonal lineages, which are groups of closely related bacteria that share a recent common ancestor but have spread regionally or globally. At a more local level, infection control practitioners must determine whether a group of isolates constitutes a hospital outbreak by ascertaining whether the isolates have a degree of similarity consistent with a common source within the hospital. Once isolates belonging to a hospital outbreak have been identified, similarities and differences between these isolates can be exploited to generate a transmission map to aid in finding the source of the outbreak and in disrupting ongoing pathways of transmission. For some groups of bacteria, such as Acinetobacter, discernment at each level has medically important consequences and therefore must be accomplished by hospital-associated clinical microbiology laboratories.
Within the Acinetobacter genus, the Acinetobacter calcoaceticusAcinetobacter baumannii (ACB) complex encompasses the phenotypically related pathogens A. baumannii, A. pittii (formerly genomospecies 3), and A. nosocomialis (formerly genomospecies 13TU), and one species, A. calcoaceticus, which is not known to cause human disease (1) . Of these, A. baumannii is the most common cause of infection. This bacterium is frequently isolated from critically ill hospitalized patients and often causes outbreaks (2) (3) (4) . Infections with A. baumannii have been associated with high attributable mortality and increased length of hospital stay, with multidrug resistance often being a predictor of poor clinical outcomes (5, 6) . However, the frequencies of A. nosocomialis and A. pittii as human pathogens are increasingly recognized (7, 8) . Several studies have shown that these different species within the ACB complex exhibit unique epidemiologic niches, drug resistance patterns, and virulence characteristics within the nosocomial environment (9, 10) . In addition, recent studies have demonstrated that patients infected with non-baumannii ACB complex bacteria have fewer comorbidities and improved clinical outcomes than patients with A. baumannii infections (7, (11) (12) (13) . Thus, determining the species within the ACB complex that is responsible for an infection has important medical implications. Unfortunately, commercially available platforms and phenotypic identification methods used in clinical microbiology laboratories are unable to differentiate related species within the ACB complex, and, as such, infections are often reported clinically as "A. baumannii complex" or simply grouped together as "A. baumannii" (14) . Molecular techniques, such as rpoB gene sequence analysis, are necessary to accurately identify ACB complex isolates to the species level (15, 16) .
In recent years, multidrug-resistant (MDR) strains of A. baumannii have become common, and substantial effort has been devoted to defining the epidemiology of these strains. Initial studies attributed the global spread of MDR A. baumannii to three major clonal lineages identified by amplified fragment length polymorphism (AFLP) analysis that are referred to as international clones (ICs)-I, -II, and -III (17, 18) . More recently, multilocus sequence typing (MLST) has become the gold standard for investigating the population structure of A. baumannii (19) and has linked sequence types (STs), such as ST1, ST2, and ST3, with IC-I, -II, and -III, respectively (20) . MLST analyses have identified at least six additional clonal lineages with geographically broad distributions (17-19, 21, 22) . The study of the global epidemiology and population structure of A. baumannii remains an area of active interest.
A. baumannii is a frequent cause of intrahospital outbreaks, and the ability to distinguish clinical A. baumannii isolates as genetically unique is of particular importance for outbreak analysis. The goal is to distinguish outbreak isolates from nonoutbreak isolates and to use strain typing information to define routes of transmission within an outbreak. Numerous different bacterial strain typing techniques have been described for this purpose. Older band-based fingerprint techniques, such as pulsed-field gel electrophoresis (PFGE), AFLP analysis, and repetitive extragenic palindromic-PCR (Rep-PCR), rely on indirect measures of bacterial genetic composition (22) (23) (24) (25) (26) . Of these, PFGE arguably remains the gold standard for A. baumannii outbreak investigations (19) . More recently, partial direct genetic sequencing techniques have been developed, such as MLST and bla oxa-51-like sequencing (20, 27, 28) . Although band-based techniques are often highly discriminatory, direct sequence-based methods can provide greater genetic resolution and are more reproducible and portable (29) (30) (31) .
For years, high-throughput typing of multiple A. baumannii isolates for short-term outbreak investigations or long-term regional or global surveillance was limited to these band-based or partial sequence-based techniques (32) . The decreasing cost, complexity, and turnaround time of whole-genome sequencing (WGS) may soon allow the application of this technology to routine bacterial strain typing in clinical microbiology laboratories (33, 34) . A number of recent studies have used WGS to characterize the genetic relatedness of clinical bacterial isolates for various purposes. Some studies have used WGS for bacterial species identification and investigations of the population structure and global spread of bacteria (31, 35, 36) . Other studies have analyzed hospital outbreaks in greater detail and have used WGS to distinguish between possible transmission scenarios, suggest alternative transmission links, and identify previously unrecognized colonized patients (37) (38) (39) . Although WGS may be the most powerful and adaptable tool for bacterial species identification, epidemiologic surveillance, and outbreak analysis, the application of WGS to these endeavors has yet to be fully explored. Careful characterization of the advantages of WGS is necessary to determine whether they outweigh the costs of commercially available nextgeneration sequencing instruments or services. Also, the criteria for discrimination between outbreak and nonoutbreak isolates or between clonal lineages have yet to be clearly defined for WGS. In contrast, the criteria for these purposes have been well described for interpreting PFGE, Rep-PCR, and MLST results (20, (40) (41) (42) .
In this study, we compared the performance of WGS to that of two band-based typing techniques (PFGE and Rep-PCR) and to a sequence-based typing technique (MLST) to characterize the genetic relatedness and epidemiology of a large collection of ACB complex clinical bloodstream isolates collected over 7 years at our institution. We compared WGS to conventional typing at the level of Acinetobacter species identification, assignment to clonal lineages, inclusion within an intrahospital outbreak, and outbreak transmission mapping. Our results indicate that WGS provides useful information for each of these purposes and may eventually obviate multiple different techniques within clinical microbiology laboratories.
added to a final volume of 50 l. The PCR conditions were as follows: initial denaturation of 94°for 3 min, 30 cycles of 94°C for 1 min, 45°C for 1 min, and 65°C for 8 min, and a final elongation of 65°C for 16 min. Samples (20 l) of each PCR end product were analyzed on a 1% agarose gel with ethidium bromide added. Rep-PCR patterns were visualized with UV transillumination using the AlphaImager system (ProteinSimple Biosciences, Santa Clara, CA). Gel images were uploaded into the BioNumerics version 7.0 program (Applied Maths, Austin, TX) to perform clustering analysis. Briefly, after normalization of inter-and intragel variation using molecular weight standards, individual bands were manually chosen, and a clustering dendrogram was created using the unweighted pair group method using average linkages (UPGMA). The Dice statistic was used, and band tolerance was set to 1%. Isolates clustering together at Ͼ90% similarity based on the UPGMA dendrogram were considered to be the same type (23, 48, 49) . Whole-genome sequencing and assembly. Genomic DNA libraries were prepared and indexed using the Nextera XT kit (Illumina, San Diego, CA). DNA library concentrations were quantified using the Qubit 2.0 fluorometer (Life Technologies, Grand Island, NY). Equal amounts (200 ng) of each library were pooled and run on either the Illumina HiSeq 2000 system with 100-bp paired-end reads or on the Illumina MiSeq system with 250-bp paired-end reads. Sequencing was performed by staff at the University of Maryland Institute for Genome Sciences, Baltimore, MD, who were blinded to all clinical data. Raw sequence reads were then assembled de novo using Ray version 1.7.0 (50). Six bloodstream isolates with low-quality assemblies, defined as a sequence size of assembled contigs of Ն500 bp totaling Ͼ4.5 Mb, were excluded from further analysis. The assembly statistics are displayed in Table 1 .
Multilocus sequence typing. The sequences for the Institut Pasteur MLST genes (20) were extracted from the assembled contigs for all isolates, concatenated, and aligned with MUSCLE (51) . A phylogeny was inferred with MEGA version 5.2.2 (52), using the maximum-likelihood method, and exported to FigTree version 1.4.2 for visualization (53) . In addition, sequence types were determined for all A. baumannii isolates using the database available on the Institut Pasteur MLST website (http: //www.pasteur.fr/mlst).
Whole-genome phylogeny and SNP detection. Unless otherwise stated, single nucleotide polymorphism (SNP) analyses were based on the core genome, which was defined as sequences found in at least 95% of the ABBL isolates (54, 55) . The value of Ͼ95% was used to avoid substantial changes in the core-genome definition due to one or two isolates that might have undergone gene deletion or for which assembly errors may have resulted in the omission of genes. The kSNP version 2.1.2 program, which uses k-mers (all possible stretches of k-consecutive nucleotides) from input genomes to identify SNPs, was used for this purpose (56) . This program has the advantage of not requiring multiple sequence alignments or comparisons with a reference genome. Thirty-one-base-pair k-mers were used, as suggested by the Kchooser script included with kSNP. SNPs were identified by comparing orthologous k-mers from distinct isolates that were identical except for the central nucleotide (nucleotide 16). The kSNP software has the option of searching for k-mers in either assembled genomic sequences or raw sequencing reads. We chose to use assembled sequences, as the de novo assembly process filters out most nonspecific and low-quality reads. However, de novo assembly of short Illumina reads can also produce errors in some genomes, such as the omission of regions from the final assembled contigs or the collapse of repeat genomic regions with one or more nucleotide differences into a single contig. To correct for these errors, we applied a supplemental bioinformatics approach to the kSNP output. Briefly, the Jellyfish k-mer counting software version 1.1.5 (57) was used to directly extract all possible k-mers from each set of unassembled sequencing reads. A Perl script was then used to query these k-mers against the list of all k-mer outputs by kSNP analysis of assembled contigs. For each isolate, if a particular k-mer was not found in the assembled contigs but was found in five or more sequencing reads, the base at the SNP position of that k-mer was added to the kSNP output matrix for that genome. To avoid miscalling sequencing errors as SNPs, a base was removed from the kSNP output matrix for a genome and replaced with a gap ("-") if it met the following criteria: the k-mer was found to be mixed in the sequencing reads (i.e., two or more k-mer sequences were identified that differed at the central SNP position only), and the occurrence of the most abundant minority k-mer was at least 10% of the occurrence of the majority k-mer. Likewise, if a core-genome k-mer was missing from a strain, the corresponding gap ("-") was treated as missing data and did not contribute to the placement of that strain in the phylogenetic tree to avoid potentially false inferences resulting from sequencing errors. When indicated, kSNP results were confirmed by the alignment of raw sequencing reads against a reference sequence using the bwa alignment program version 0.7.6a-r433 (58) . SNPs were sometimes examined using a combination of automated variant calling with the programs SAMtools and bcftools (both version 0.1.19-44428cd) (59) and manual examination of regions of interest using the Tablet alignment visualization program version 1.13.05.17 (60) . To minimize false-positive SNP calls from raw read alignments to sequence contigs due to ambiguous mapping of reads to repeat regions, SNP calls produced by SAMtools and bcftools from the alignment of reads from the query genome to reference contigs were filtered using SNP calls produced from the alignment of reads from the reference genome back to the reference contigs. Any SNP calls found in both alignments were removed. To visualize the relative SNP density, any remaining high-quality SNPs (quality score, 222) between the query genome and reference genome were plotted using CGView (61) . The scripts developed for these and other analyses used in this study can be found at the GitHub website (https://github.com/egonozer/snp_tools).
To determine whether the acquisition of DNA sequences through recombination influenced the phylogenetic relationships we obtained, a subset of 23 arbitrarily selected isolates was chosen for further analysis. Whole-genome alignments were generated by aligning sequencing reads of these 23 isolates to the reference genome of A. baumannii ATCC 17978 (GenBank accession no. CP000521) using the bwa program (58) . SNPs were called using SAMtools and bcftools. Indels, positions with variant quality Ͻ30, positions covered by Ͻ8 reads, or positions with Ͻ0.7 of the reads representing either the reference or an alternate base were filtered. A tree was then produced from the alignments using ClonalFrameML (62) to remove potential recombinant regions. A comparison of this tree to one using the kSNP approach described above showed no significant differences in topology (data not shown), demonstrating that SNPs present in recombination regions had a minimal impact on the tree structures we obtained.
To determine pairwise core-genome SNP counts, we developed software based on kSNP to (i) identify a core genome of k-mers from genomic assemblies and sequencing reads, and (ii) count SNPs between pairs of these core-genome k-mer sets. First, the set of core-genome k-mers was identified using the kmer_core.pl software. This software compares k-mers among a set of input genomic DNA sequences and outputs all k-mers with identical 15-nucleotide flanking arms (e.g., identical except perhaps at the central nucleotide) that were present in a specified subset of the genomes. For the purposes of this study, a subset cutoff of k-mers present in Ն95% of the input genomes was chosen (54, 55) . The assembled genomes of the A. baumannii ABBL strains were used as input for kmer_core.pl to identify a core k-mer set. A second software package (kmer_compare.pl) was then used to search for these core k-mers in query sequences and perform pairwise comparisons to determine the SNP totals between the genomes. To maximize the sensitivity of identification of core k-mers in the strains sequenced for this study, raw sequencing reads (rather than assembled genomes) were used as input to kmer_compare.pl, and a k-mer was considered present if at least 5 sequencing reads were found to contain the k-mer. For reference strains, the genomic sequence was used to search for core k-mers, and k-mers found at least once were considered present. Conflicting k-mers, defined as two or more k-mers present in a single genome that were identical except at the central base, were filtered out of the k-mer set of each genome. To avoid erroneous filtering of k-mers appearing to be in conflict due to sequencing errors in a few reads, conflicting core k-mers were only removed if the number of reads containing k-mers with the most-abundant minority central base was at least 10% of the number of reads containing k-mers with the majority central base. To generate a jitter plot showing the number of core SNPs between pairs of isolates, Microsoft Excel was used to randomly assign an x axis position to each data point within the boundaries of an appropriate column.
For the ABBL isolates, A. baumannii isolates, and ABOB isolates, FastTree2 (63) was used to estimate maximum-likelihood phylogenetic trees (64) from core SNPs, and trees were then visualized in FigTree version 1.4.2 (53) . Whole-genome sequences for representative A. baumannii strains from each of the three major IC lineages (65) were downloaded from the NCBI database and also included in some phylogenetic analyses.
To inform the outbreak transmission map, BEAST 2.3.1 (66) was applied to whole-genome SNP, patient of origin, and date of isolation information of the ABOB isolates to generate a Bayesian phylogenetic reconstruction of the outbreak. A Hasegawa, Kishino, and Yano (HKY) substitution model assuming a constant population size was used for the analysis. This information was combined with epidemiological linkages to estimate transmission patterns.
Outbreak analysis. From June 2013 through December 2013, a CRAB outbreak occurred at NMH and was centered in two ICUs: ICU A, a cardiothoracic ICU that also houses solid-organ transplant recipients, and ICU B, a medical ICU. As part of its investigation, the NMH Department of Infection Prevention and Control performed PFGE typing and assessed epidemiological links. All CRAB isolates deemed to be part of the outbreak had identical or closely related PFGE types. For the purpose of constructing the transmission map, patient-to-patient spread was considered the most likely mode of transmission, and patients were considered to have a direct epidemiologic link if they overlapped in the same unit for Ͼ24 h. Indirect links included overlap in the same unit for Ͻ24 h, nonoverlapping stays in the same unit in close proximity, and environmental links, such as exposure to contaminated rooms or equipment. As part of the current study, the first CRAB isolates from 10 patients involved in the outbreak were sequenced using the methods described above. Two additional isolates from patient 4 (ABOB04_a and ABOB04_b) and one additional isolate from patient 6 (ABOB06_a) collected during the outbreak were also sequenced. As controls, an environmental isolate taken from the room of patient 4 (ABOBEN) and an isolate with a nonoutbreak PFGE type obtained from a patient in ICU A during the time of the outbreak (ABOB11) were also sequenced. Finally, two carbapenem-susceptible A. baumannii isolates from patients admitted to different locations in the hospital during the outbreak (ABOB15 and ABOB16) were sequenced and also used as controls.
Core-and accessory-genome analyses of outbreak isolates. As a first step in defining the accessory genome of the outbreak isolates, a core genome was defined by applying the software program Spine (55) to the assembled sequences of the 116 A. baumannii ABBL bloodstream isolates. Briefly, the set of all pairwise whole-genome alignments was used to identify sequences present in 95% of the 116 ABBL isolates (54, 55) , and these sequences were defined as the core genome. The software program AGEnt (55) was then used to perform in silico subtractive hybridization of the core genome from the whole-genome sequences of the CRAB ICU outbreak (ABOB) isolates. In this way, the accessory genome of each ABOB isolate was determined. Using BLASTϩ version 2.2.24 (44, 46) and inhouse Perl scripts, the accessory-genomic sequences of the ABOB strains were aligned and clustered to identify the set of accessory-genomic elements among these strains. To support the accessory element carriage patterns in each strain and correct for false negatives due to misassembly, sequencing reads from each strain were aligned to the set of accessory element sequences using the bwa alignment program (58) . The read coverage at each position in the accessory elements was determined from the alignments, and positions with Ն5 aligning reads were considered to be present in the respective genome. A graphical representation of the accessory element composition of each strain was produced using CGView (61) . ABOB accessory genetic elements were annotated using Prokka version 1.9 (67) . ABOB accessory genomic elements were compared to the nucleotide sequence of A. baumannii plasmid ABKp1 (NCBI accession no. CP001922.1) using BLAST, and gene similarities between these elements and the plasmid were visualized using EasyFig version 2.1 (68) .
Comparison of typing techniques. The adjusted Wallace coefficient, which compares two sets of partitions from different microbial typing methods, was used to determine the congruence between typing techniques (69). Simpson's index of diversity was used to determine the discriminatory power of each individual typing technique (69, 70) . For any given typing system, this index measures the probability that two randomly sampled strains will belong to different types. Calculations were performed with the online tool on the Comparing Partitions website (http://darwin.phyloviz.net/ComparingPartitions/). In addition, a sensitivity analysis was performed to evaluate the performance of conventional typing techniques in comparison to WGS in the context of generating a transmission map for a hospital outbreak. For this analysis, WGS was considered to be the gold standard, and a positive result was defined as one that accurately distinguished two distinct isolates as unique.
Nucleotide sequence accession numbers. All sequence read sets and assembled sequences are deposited in the National Center for Biotechnology Information (NCBI) database (Table 1) .
RESULTS
Determining the bacterial species of isolates within the ACB complex. Species within the ACB complex differ markedly in the severity of illness they cause and in their resistance to antibiotics (7, 13) . Accurate identification of Acinetobacter to the species level is becoming increasingly important in the clinical setting. We therefore attempted to determine the species of 154 clinical ACB complex bloodstream isolates cultured from patients at our institution during the study period. One isolate actually contained a mixed culture and was excluded from further analysis. Five isolates gave poor-quality sequencing assemblies, despite repeated attempts, and were also excluded, leaving 148 isolates for analysis. We identified the species of these 148 isolates by rpoB gene sequence analysis, an accepted method of parsing ACB complex bacteria into species (45, 71) . This analysis indicated the following Acinetobacter species distribution: A. baumannii (n ϭ 116), A. pittii (n ϭ 28), A. nosocomialis (n ϭ 3), and A. soli (n ϭ 1). Because A. soli is not a member of the ACB complex, the clinical microbiology laboratory presumably misidentified this isolate. These results confirm previous findings that a substantial number of ACB complex isolates acquired from clinical settings are non-baumannii Acinetobacter species (10).
We next examined the utility of using WGS to identify isolates within the ACB complex to the species level. In addition to supplying the sequence of the rpoB gene for each isolate, WGS also allowed the determination of phylogeny via SNP analysis. A phylogenetic tree inferred from core-genome SNPs revealed well-delineated monophyletic lineages corresponding to each species within the ACB complex ( Fig. 1) . (An alternate version of the tree more clearly demonstrating the species clustering is shown in Fig.  S1 in the supplemental material.) Because A. soli is genetically distant from the ACB complex (72, 73) , it was used to root the tree. Similar to prior studies, our results showed that A. nosocomialis diverges first from the A. baumannii clade, followed by A. pittii (20) . These results confirm that phylogenic analysis based upon SNPs in conserved sequences is capable of distinguishing species within the ACB complex.
Next, a band-based typing method was used to examine the 17-19, 21) . The widespread distribution of these clonal lineages implies that they are highly adapted for persistence and transmission in health care environments. MLST has become the gold standard for assigning A. baumannii isolates to STs that correspond to these lineages. Multilocus sequence types were therefore determined for all A. baumannii strains using the Institut Pasteur database. Twentyfour unique STs were identified among the 116 A. baumannii isolates, including seven new STs, four of which have been assigned: ST496, ST497, ST498, and ST499. However, 90 of 116 (78%) isolates were assigned to one of four STs: ST2, ST79, ST406, and ST499. A phylogeny inferred from the concatenated sequences of the MLST genes for A. baumannii isolates confirmed this clustering (see Fig. S3 in the supplemental material). These results indicated that both previously reported and novel A. baumannii clonal lineages circulated throughout our hospital.
In examining the utility of PFGE and Rep-PCR for identifying clonal lineages of A. baumannii, we found that neither band-based technique accurately grouped strains together in agreement with the MLST data. A dendrogram created using the Rep-PCR results demonstrated only one distinct cluster with Ͼ90% similarity (see Fig. S4 in the supplemental material), a cutoff level above which isolates can be considered genetically related (21, 46, 47) . This cluster included eight A. baumannii isolates involved in a prolonged multistate outbreak from 2005 to 2006. All of these isolates were ST79, suggesting some concordance between Rep-PCR and MLST in a regional outbreak setting. However, this Rep-PCR cluster also included 11 other isolates that were collected at various times throughout the study and were represented by eight different STs, confirming a lack of agreement with MLST. PFGE likewise showed poor agreement with MLST results (see below).
We next examined the ability of WGS to partition A. baumannii isolates into clonal lineages. The core genomes of these isolates were analyzed for the presence of discriminating SNPs, and a phylogenetic tree was created. Four distinct primary clades (labeled A to D) were identified, and also a number of phylogenetically distinct isolates (Fig. 2) . Each of the four major clades corresponded to one of the four predominant STs (ST79, ST2, ST406, and ST499 for clades A to D, respectively). Each clade contained isolates collected throughout the 8-year study from patients at differing locations in the hospital, suggesting that they did not represent con- fined outbreaks within our hospital. To better examine the relationships between the isolates in our hospital and globally disseminated lineages, we added several published strains to our phylogenetic analysis (see Fig. S5 in the supplemental material). Clade B (ST2) strains were closely related to published IC-II strains. Clade C (ST406) is most closely related to IC-I strains, although the tight clustering of the clade C isolates and the phylogenetic distance separating them from the IC-I reference strains suggest that clade C may be a distinct clonal group. Clade A (ST79) isolates do not clearly cluster with any reported IC lineage but are closely related to published strains from the United States and other parts of the world (74) (75) (76) (77) . Group D (ST499) represents a collection of isolates distinct from known clonal lineages or reported strains.
Interestingly, our WGS analysis indicated that IC-III strains did not represent a distinct lineage of strains but rather were phylogenetically diverse. Many of the remaining isolates from our study were interspersed with these published IC-III strains. These findings indicate that WGS accurately assigns A. baumannii isolates to ST lineages and provides additional information regarding the genetic relationships between different lineages. Use of WGS to define a hospital outbreak of A. baumannii. A. baumannii frequently causes outbreaks within health care settings, in which a single strain is transferred from one patient to another. Because of the high level of antibiotic resistance associated with some A. baumannii strains, these outbreaks have important consequences for patient care and require the use of considerable resources by infection control personnel. PFGE is routinely used by many hospitals to track nosocomial outbreaks, but several studies indicate that WGS is better suited for this purpose (38, 78, 79) . In 2013, a CRAB outbreak occurred in our hospital and was investigated using PFGE and contact tracing. We reexamined this outbreak using WGS to determine whether outbreak isolates and transmissions could be more accurately identified with this technique.
In June 2013, two patients were admitted to ICU B from the same skilled nursing facility within 8 days of each other. Patient 1 grew CRAB (isolate ABOB01) from a respiratory sample 9 days after admission, and patient 2 grew CRAB (isolate ABOB02) with a closely related PFGE type from the blood 10 days after admission. Neither patient was in contact isolation prior to CRAB growth, nor had they overlapped previously with a CRAB patient during their hospital stay. Over the next 5 months, an additional eight patients were identified in ICU A and B who grew CRAB (isolates ABOB03, ABOB04, ABOB06, ABOB07, ABOB08, ABOB09, ABOB10, and ABOB12) with identical or closely related PFGE types to the index cases and were classified as part of the outbreak (see Fig. S6 in the supplemental material). This represented a substantial increase in the monthly number of CRAB cases at the NMH. Three isolates were available from patient ABOB04 (isolates ABOB04, ABOB04_a, and ABOB04_b) and two isolates were from patient ABOB06 (isolates ABOB06 and ABOB06_a). All isolates were susceptible to colistin, and most were susceptible to either doxycycline or minocycline but were otherwise resistant to all antibiotics tested. At the time, epidemiologic contact tracing was performed to estimate a transmission map, which revealed multiple potential infection routes among outbreak patients (Fig. 3A) . Interestingly, the PFGE patterns of the two initial isolates ABOB01 and ABOB02 (from patients 1 and 2, respectively) were found to be closely related but not indistinguishable, suggesting that the outbreak may have begun with the introduction of two unique but closely related CRAB isolates into the hospital.
We next applied WGS to investigate this same hospital outbreak. Each outbreak isolate, the control isolates (ABOB11, ABOB15, and ABOB16), and an environmental isolate (ABOBEN) were sequenced, and phylogeny was inferred based on SNPs in the core genome (defined as sequences found in at least 95% of all ABBL isolates) (Fig. 4) . As expected, the control isolates were distantly related to the outbreak isolates, which formed a tight cluster. A similar tree including only the clinical outbreak isolates (Fig. 4, first inset) revealed that isolate from patient 9 was genetically distinct, differing by 155 to 157 core SNPs from the other outbreak strains. A closer inspection indicated that these SNPs were not localized to a single small portion of the genome, as would have occurred with a recombination event, but rather were dispersed throughout the chromosome (data not shown). The remaining outbreak isolates differed from each other by 0 to 2 core SNPs. Thus, although patient 9 was infected with a CRAB strain in ICU B during the outbreak, and this CRAB isolate had a PFGE pattern similar to that of the other outbreak isolates, WGS indicated that the patient was not infected with an outbreak strain. ABOB09 was therefore removed from subsequent phylogenetic analyses (Fig. 4 , smaller inset).
Generation of an intrahospital outbreak transmission map. The identification of factors allowing an A. baumannii strain to move from patient to patient during a hospital outbreak is necessary to determine the source and mechanisms by which transmission is facilitated in an outbreak. High-resolution genetic information can help distinguish isolates even within the context of a nearly clonal outbreak. We therefore examined whether WGS could discriminate isolates within our ICU outbreak and help generate a more-refined transmission map. To accomplish this, we performed a phylogenetic analysis of whole-genome SNPs in the outbreak isolates (Fig. 5) . The core-genome analysis used only SNPs located in the core genome, whereas the whole-genome analysis also included SNPs located in accessory-genome sequences and therefore used more of the information present in the bacterial genomes. In contrast to the core-genome tree, the wholegenome tree placed ABOB02 at an increased distance from the remaining outbreak isolates (Fig. 5) . Comparing whole-genome sequences, ABOB02 differed by 98 to 103 SNPs from the remaining outbreak isolates, in contrast to 1 to 2 SNP differences found in the core-genome sequences. At first glance, this difference in the number of whole-genome SNPs suggested that ABOB02 was also not part of the outbreak. However, further examination revealed that most of these SNPs were localized to an ϳ14-kb region that is accessory in the ABBL bloodstream isolates but found in each of the outbreak strains (data not shown). Alignment of raw reads from ABOB02 against the ABOB01 sequence and manual examination confirmed these were likely true SNPs and not sequencing errors, with an average of 311 (range, 51 to 696) sequencing reads at each SNP position containing the variant base, and an average of less than one read (range, 0 to 7 reads) containing the reference base (data not shown). The concentration of SNPs in a small region of the genome suggested that this 14-kb accessory region had been acquired by a recent recombination event and therefore did not represent the true genetic history of ABOB02. For this reason, ABOB02 was considered likely to be related to the outbreak. A Bayesian phylogenetic reconstruction of the outbreak (see Fig. S7 in the supplemental material) was generated using the whole-genome sequence SNP information along with isolation dates (see Materials and Methods). The incorporation of these results into the transmission map defined many of the transmission links that were previously ambiguous (Fig. 3B ).
To determine whether there were differences in the accessory genomes of the outbreak isolates beyond SNPs, we looked for accessory sequences that were present in some ABOB isolates but absent from others. We identified four accessory-genome elements (AGEs) present only in isolates ABOB04_b, ABOB07, ABOB08, and ABOB12 and one small AGE present only in isolates ABOB07 and ABOB08 (Fig. 6 ). These AGEs ranged in size from 1,337 bp to 56,215 bp, totaling 71.8 kb of sequence. These five AGEs are difficult to assemble de novo using short reads, likely due to repeat sequences or ambiguity; however, their presence or absence as a defined set in the outbreak isolates suggested they were in close proximity to or contiguous with each other. This was confirmed by BLAST search, which indicated that together, they were closely homologous with ABKp1, a plasmid found in A. baumannii strain 1656-2 (see Fig. S8 in the supplemental material). Patient 4, who had a prolonged stay in ICU A during the outbreak, harbored isolates both with and without this plasmid. Although plasmids have been shown to be important in the dissemination of antibiotic resistance during outbreaks (80, 81) , they are of limited value for defining transmission pathways, because they are frequently gained and lost by closely related circulating strains (74, 
82, 83)
. These results indicated that a plasmid circulated among the outbreak isolates and was the only gross difference in their accessory genomes.
The incorporation of the total information generated by WGS allowed us to refine and remove ambiguities from the previous transmission map based solely on PFGE patterns and epidemiologic links (compare Fig. 3A and B) . It also suggested possible transmissions (e.g., from patient 3 to patient 4) that had not been identified by the epidemiological investigation. Such transmission may have occurred indirectly through colonized patients that had not been identified as part of the outbreak. These results suggest that WGS is superior to PFGE for distinguishing A. baumannii outbreak transmission routes, but the quantification of SNPs alone may be misleading, and an examination of both core-and accessory-genome content is beneficial.
SNP thresholds that define isolates as part of a clonal lineage or intrahospital outbreak. Well-defined criteria are available for interpreting conventional typing techniques for the purpose of parsing clinical isolates into the same clonal lineage or the same hospital outbreak (20, (40) (41) (42) . Corresponding thresholds of relatedness would be helpful for interpreting WGS results. We hypothesized that pairwise core SNP counts might serve as such thresholds and provide an easy and straightforward method by which infection control practitioners could use WGS data to quickly determine the likelihood of whether any two isolates were part of the same clonal lineage or outbreak. To this end, the total number of core-genome SNPs between any two of the 116 ABBL and 15 ABOB isolates was quantified. These comparisons yielded a minimum of 0 and a maximum of 10,360 core-genome SNPs (median, 9,523 SNPs). We next compared the number of core-genome SNPs between ABBL isolates from different clonal lineages to those from the same clonal lineages (Fig. 7) . For the purposes of this analysis, we defined two strains as belonging to the same clonal lineage if they had the same ST. A discontinuity in the distribution of core-genome SNPs was observed between these two groups of isolates. The median number of core-genome SNPs between isolates within the same ST lineage was 261 (interquartile range, 67.5 to 393.5 SNPs) versus 9,613 SNPs (interquartile range, 9,443 to 9,793.75 SNPs) between isolates not within the same ST lineage (Fig. 7) . With only two exceptions, a threshold of 2,500 core SNPs distinguished isolates within the same ST lineage from those in different ST lineages (Fig. 7) . We next performed a similar analysis on the ABOB outbreak isolates. A maximum of 2 SNPs were found among all pairwise comparisons of the ABOB outbreak isolates. Thus, a threshold of 2.5 SNPs distinguished the vast majority of outbreak isolates from isolates of the same ST lineage that were not part of the outbreak (Fig. 7) . Although a number of non-ABOB isolates also differed by Ͻ2.5 SNPs, it is possible that some of these represent episodes of unrecognized patient-to-patient transmissions that occurred within our hospital. This analysis needs to be expanded to include other outbreaks at different institutions and of different durations, but these results suggest that core-genome SNP thresholds are useful in preliminarily determining whether an isolate is within or distinct from an ST lineage or intrahospital outbreak.
Comparison of typing methods. Using the WGS threshold of Ͻ2,500 core SNPs, we next compared the four typing techniques (MLST, Rep-PCR, PFGE, and WGS) for their ability to distinguish A. baumannii clonal lineages. Comparisons were restricted to CRAB isolates, because typing results from all methods were available for these isolates. Wallace coefficients, which quantify the congruence between two methods, were calculated for a pairwise comparison of each typing technique (Table 3) . Since MLST is currently accepted as the gold standard for the identification of A. baumannii clonal lineages (19), we paid particular attention to how the results of the other techniques compared to MLST. PFGE performed poorly in this regard; two isolates grouped together by PFGE had only a 39% probability of having the same MLST. Rep-PCR performed somewhat better; two isolates grouped together by Rep-PCR had a 65% probability of having the same MLST. As expected based on how the 2,500-core-SNP threshold was derived, two isolates placed in the same clonal lineage by WGS were grouped together by MLST 100% of the time. These results indicate that the band-based techniques PFGE and Rep-PCR differ significantly from MLST in assigning isolates to clonal lineages, but that WGS performed well when a threshold of 2,500 core SNPs was used.
We next determined how WGS with the threshold of 2.5 core SNPs compared to PFGE and MLST in correctly identifying A. baumannii isolates as part of an intrahospital outbreak. We compared these techniques using our collection of CRAB isolates, some of which comprised a hospital outbreak (ABOB isolates), but most of which did not (ABBL isolates). Of isolates identified by WGS as having genetic similarity consistent with patient-topatient transmission (defined as Ͻ2.5 core SNPs), 88% had the same PFGE pattern (Table 4 ). In contrast, of isolates with the same or similar PFGE patterns, only 14% were found to be genetically similar by WGS (Ͻ2.5 core SNPs). In other words, PFGE grouped many more isolates together as similar than did WGS, suggesting that WGS has higher discriminatory power. Due to its limited ability to discriminate related strains, MLST showed poor congruence with WGS and PFGE (Table 4) . We next directly examined the discriminatory power (i.e., the ability to distinguish any two isolates as distinct) of PFGE, Rep-PCR, MLST, and WGS. The ability to discriminate between two nearly clonal strains is highly important for developing transmission maps during an outbreak. We calculated the Simpson's index, a measure of discriminatory power, of the four typing techniques (Table 2) . Overall, both WGS and Rep-PCR were highly discriminatory, with Simpson index values of 0.997 and 0.970, respectively (Table 2 ). PFGE and MLST were somewhat less discriminatory, with Simpson index values of 0.892 and 0.758, respectively. We also calculated the sensitivity and specificity of the techniques for distinguishing isolates, using WGS as the gold standard. The band-based techniques were highly sensitive for discriminating distinct isolates but suffered from low specificity. In other words, they correctly identified distinct isolates as different but often erroneously distinguished strains that WGS categorized as being the same. MLST was less sensitive in its ability to distinguish isolates but had a specificity of 100%.
DISCUSSION
Hospital-based clinical microbiology laboratories provide a number of services, including the identification of pathogens in clinical specimens and the typing of strains to facilitate regional epidemiological surveillance and hospital outbreak investigation. These tasks require typing techniques with a broad spectrum of discriminatory powers, from distinguishing species of related bacteria to distinguishing individual clones. As a result, different typing techniques have been found to be optimal for these different tasks. In this study, we used conventional band-and sequence-based typing techniques and WGS to characterize the genetic diversity and
FIG 4
Phylogenetic analysis based on core-genome sequences from the ICU CRAB outbreak isolates. A phylogenetic tree for the outbreak and control isolates was inferred from core-genome SNPs using kSNP version 2 and the maximum-likelihood method. Thirteen outbreak isolates (red), three control nonoutbreak isolates (blue), and one environmental outbreak isolate (green) were included. The large inset is the same tree showing only the clinical outbreak (red) isolates and excluding the control and environmental isolates. The small inset excluded isolate ABOB09 to better show the relationships between the remaining isolates. In this analysis, the core genome was defined as sequences present in 95% of the ABBL isolates. Fitzpatrick et al. epidemiology of a large collection of clinical ACB complex isolates and to investigate an ICU CRAB outbreak. Our study adds to the growing body of literature supporting the use of WGS to define Acinetobacter species, characterize the population structure of A. baumannii, clarify the extent of a hospital outbreak, and delineate an outbreak transmission map (84) .
Commercially available platforms for the identification of bacteria perform poorly in identifying ACB complex bacteria to the species level, yet distinguishing these species has clinical importance. Compared with non-baumannii ACB complex species, A. baumannii is more frequently multidrug resistant, more often cultured from critically ill patients, and associated with poorer clinical outcomes, likely due to delays in the receipt of appropriate antibiotic therapy (7, 13, 85) . A strain typing method that rapidly identifies bacteria within the ACB complex to the species level and identifies resistance genes would lead to a timelier administration of appropriate antibiotic therapy and, presumably, improved patient outcomes. WGS allowed us to assign ACB complex bacterial isolates to an individual species in two ways. First, WGS provided the sequence of the rpoB gene, which by itself can accurately categorize Acinetobacter species (45, 71) . Second, phylogenies based on WGS demonstrated distinct clades representing individual Acinetobacter species. The inclusion of the strain types for the relevant Acinetobacter species within these phylogenies would allow for easy assignment of an individual isolate to a species. Although not examined in this study, WGS can also provide ancillary information, such as the presence or absence of virulence factors and antibiotic resistance islands, which are important for developing effective and timely treatment strategies (74, 86) . In contrast, the band-based technique Rep-PCR was not able to separate ACB complex isolates into distinct species.
Certain A. baumannii clonal lineages have disseminated widely and are of particular clinical importance. In recent years, MLST has emerged as the gold standard for categorizing A. baumannii isolates into clonal lineages and characterizing their continental or global spread. Indeed, MLST indicated that four major STs (ST2,
FIG 5
Phylogenetic analysis based on whole-genome sequences from the ICU CRAB outbreak isolates. A phylogenetic tree for 12 outbreak isolates was inferred from SNPs present in the whole genome using kSNP version 2 and the maximum-likelihood method. In the inset, ABOB02 is excluded to better show the genetic distances between the remaining outbreak isolates. ST79, ST406, and ST499) were endemic at NMH over the course of our study. A phylogenetic analysis based on WGS also clustered the majority of A. baumannii strains into four groups corresponding to these STs. ST2 (clade B) is part of the IC-II lineage, which is widely prevalent throughout Europe and the United States and is frequently implicated in nosocomial outbreaks (20, 74, 75) . ST406 (clade C) was first reported in an epidemiological study of CRAB clinical isolates from Japan (87) and was subsequently identified in Brazil (88) . It is closely related to IC-I strains, which are globally disseminated. ST79 (clade A) was first described by Villalón and colleagues (21) during a study of epidemic nosocomial A. baumannii isolates collected over an 11-year period in Spain and has subsequently been described in the United States, Canada, and Argentina (74) (75) (76) (77) . Although not assigned an IC number, it appears to represent an A. baumannii lineage that has spread globally. We also identified a novel ST, ST499 (clade D), which is closely related to ST123, which was first identified in Las Vegas, NV (75) . Many of the remaining isolates from our study were phylogenetically interspersed with strains reported in the literature as belonging to IC-III (see Fig. S5 in the supplemental material). Interestingly, our analysis indicates that many strains previously published as IC-III are in fact quite heterogeneous, with deep branches in the phylogenetic tree. These IC-III strains are more distantly related to each other than IC-I or IC-II strains are to each other and may not represent closely related clonal lineages in the same manner as IC-I and IC-II strains. Consistent with this conclusion, these IC-III strains represented a variety of different STs. Our findings, which are in agreement with the population structure reported in other studies (20, 74, 89) , demonstrate that both well-characterized IC lineages and novel clonal lineages of A. baumannii are endemic in NMH, and that WGS accurately identifies these lineages.
In contrast to WGS, the band-based techniques PFGE and Rep-PCR performed poorly in delineating isolates into distinct clonal lineages. In particular, isolates with similar PFGE patterns were of the same ST only 39% of the time. Other studies have also reported poor agreement between PFGE and MLST for A. baumannii (90, 91) and have demonstrated that isolates from a single ST yield markedly different PFGE patterns (21, 89) . These disparate results likely reflect the sensitivity of PFGE to accessory-genome changes (such as genomic island acquisition and deletion), which appear to occur relatively frequently and are not limited to isolates with similar evolutionary histories (80) . In contrast, MLST reflects SNPs in conserved housekeeping genes and therefore more accurately represents population phylogeny. Although PFGE has improved with standardization, it remains subject to a number of factors that decrease reliability and reproducibility, such as DNA yield and purity, the type of enzyme used, and errors in gel resolution, intergel standardization, and band visualization and identification (25, 26, 49, 92) . These findings suggest that PFGE should not be used to determine relationships between distantly related bacterial isolates (93) . In our study, Rep-PCR performed better than PFGE but was still poorly congruent with MLST (Table 3) . This was somewhat surprising, since Rep-PCR has been used to define globally disseminated A. baumannii clonal lineages, and others have found good agreement between Rep-PCR and MLST when used in this way (22) . A possible explanation is that many of the published studies utilized the DiversiLab system, an automated Rep-PCR platform to which we did not have access. DiversiLab uses microfluidic capillary electrophoresis, which allows for high degrees of resolution and reproducibility (94) . Our Rep-PCR assays involved individually performed PCRs, traditional gel electrophoresis, and subjectively interpreted banding patterns, which may have resulted in decreased reproducibility, a recognized disadvantage intrinsic to nonautomated band-based techniques (95) . Furthermore, it has been shown that Rep-PCR results are affected by the DNA extraction method used (96) . We note that these issues are not specific to our laboratory and may make our results more applicable to other clinical microbiology laboratories that do not use the DiversiLab system.
We also investigated the performance of WGS in the context of an intrahospital A. baumannii outbreak. In this setting, analysis of core-genome SNPs via WGS provided greater resolution than conventional PFGE typing and clarified which isolates were part of the outbreak. One isolate (ABOB09) deemed part of the outbreak by epidemiologic tracing and PFGE typing was excluded by WGS. The incorporation of whole-genome SNP information confirmed that the outbreak began with the near-simultaneous introduction into our hospital of two discrete strains from the same skilled nursing facility. Such facilities are known reservoirs for health care-associated bacteria, such as A. baumannii (97, 98) . WGS also clarified some of the possible transmission routes suggested by epidemiologic data. In this regard, WGS was superior to PFGE due to its enhanced discriminatory power (Table 2) (0.997 versus 0.892), which has been noted in other studies of bacterial outbreaks (31, 79, 99, 100) . In particular, our results are similar to those of Salipante and colleagues (79) , who used a different approach to identify SNPs and define outbreak strains but arrived at the same conclusions regarding the deficiencies of PFGE in the context of an A. baumannii outbreak. At the molecular level, this reflects the relatively large number of SNPs that can accumulate in genomes before they are detectable by PFGE (79) . In addition, our study found three variants of the same strain within a single pa-
FIG 7
Core-genome SNP counts among isolates of the same or different clonal lineage or the same intrahospital outbreak. To generate a jitter plot of core SNP differences, all pairwise core-genome SNP counts were compared among isolates belonging to different clonal lineages (as determined by different STs; column 1, n ϭ 5,026), to the same clonal lineage (the same ST) but not part of a recognized outbreak (column 2, n ϭ 1,079), or to a recognized outbreak (column 3, n ϭ 66). Each dot represents the number of core SNPs between one pair of isolates. The red dashed line indicates a threshold of 2,500 SNPs, and the green dashed line indicates a threshold of 2.5 SNPs. tient (ABOB04, ABOB04_a, and ABOB04_b). The existence of multiple strain variants within a single patient, a "cloud of diversity" (101), has been noted by others (82, 102) (37) . The results of these studies in conjunction with our own reveal how WGS can be a powerful tool in outbreak analysis and can better direct infection prevention efforts, leading to earlier and more successful control of hospital outbreaks. Before WGS can widely be used by infection control practitioners, user-friendly approaches must be developed that rapidly analyze sequence data to segregate isolates. As stated by Sabat and colleagues (94) in their discussion of the use of WGS for epidemiological surveillance, ". . .the key challenge will not be to produce the sequence data, but to rapidly compute and interpret the relevant information from large data sets" (94) . Easy-to-use criteria to define which isolates are within the same clonal lineage or within the same hospital outbreak are currently available for band-based techniques (23, 40, 48) but not for WGS (104) . For this reason, we identified a threshold of 2,500 core SNPs that distinguished isolates of the same clonal lineage from those of different clonal lineages. Using this threshold, WGS was highly congruent with MLST. Similarly, we used a threshold of 2.5 core SNPs to segregate outbreak from nonoutbreak isolates. We acknowledge that several apparently nonoutbreak isolate pairs in our study differed by Ͻ2.5 core SNPs (Fig. 7) . However, since many of these isolate pairs were collected within 2 weeks of each other, it is possible they were not false positives but rather represent unrecognized patient-to-patient transmissions (data not shown). A threshold of 2.5 core SNPs agrees with other studies of A. baumannii and other bacterial species (39, 79, 105) . For example, Salipante and colleagues (79) defined Յ3 SNPs as a threshold for interpreting isolates as clonal, although their value was based on the reproducibility of WGS using technical replicates. To similarly avoid calling sequencing errors as SNPs, we sequenced to a much-higher read number (139 versus ϳ50 reads) and filtered low-frequency reads. Our threshold value was also in agreement with sequencing of distinct isolates from the same patient in our ICU outbreak; such isolates had a maximum difference of 1 SNP, demonstrating that A. baumannii accumulated SNPs slowly over the time frame of an intrahospital outbreak. In contrast to our results, some studies have identified greater SNP differences between A. baumannii isolates recovered at different times from the same patient (106, 107) . In one study (107) , the authors detected SNPs via alignment to a reference genome, followed by SNP filtering based on a "probability score." Alignment-based methods can result in false-positive SNP calls. Filtering based on multiple parameters with manual verification of SNPs may be more accurate in identifying SNPs (30, 38, 106, 108, 109) . Other studies using alignment-based methods with more-stringent filtering have demonstrated far fewer SNPs among similar isolates identified in an outbreak (82) . In contrast to reference genome alignment, the kSNP program identifies SNPs by a direct comparison of short oligomers, minimizing false-positive SNP identification resulting from poor alignment. It also filters out high-density SNPs, which are more likely to result from misalignment or misassembly. Whatever method is used, it is important to exclude SNPs acquired through recombination events, as such events can dramatically increase SNP counts and erroneously classify two closely related strains as being genetically divergent (109) .
The approach of counting SNPs to categorize A. baumannii isolates does have several limitations. First, it does not take into account the full extent of evolutionary information intrinsic to the locations and types of SNPs present in a collection of isolates. Powerful and sophisticated methodologies are being developed and applied to WGS data to capture this information and more accurately determine transmission maps (110) (111) (112) . The core-genome SNP thresholds determined in our study should be viewed as rapid and easily obtained first approximations that may require subsequent verification with more sophisticated methodologies. Second, it is likely that core SNP thresholds will vary with the duration of an outbreak. Regional and multistate outbreaks and outbreaks of longer durations will likely require different thresholds. For example, it is anticipated that more SNPs will accumulate in outbreaks lasting a year than in those lasting only a month. Third, our thresholds were based on a single population of isolates collected at one hospital. Studies of additional hospitals and outbreaks are necessary to iteratively refine these values and to enhance their robustness. For this reason, we view the thresholds presented here as starting points for further refinements.
As clinical microbiologists and infection control practitioners consider changing from conventional genotyping techniques to WGS, they must carefully weigh the advantages and disadvantages of both approaches. This study and other recently published studies provide a framework for doing so. We found that WGS was superior to conventional techniques for typing Acinetobacter at the levels of species identification, population structure, and intrahospital outbreak analysis. WGS is also capable of generating reproducible results regardless of the laboratory location or reagents used, and sequencing data can be easily distributed to other epidemiologists, laboratories, and researchers. These benefits of WGS must be balanced against the cost of commercially available next-generation sequencing instruments or services and the current complexity of sequence analysis. Published estimates of per-strain WGS costs approach those for conventional typing techniques (WGS, $35 to 300; PFGE, $150; MLST, $65 to 120; and Rep-PCR, $26 [79, 94, 113] ), although these estimates are highly dependent upon how instrument costs are amortized. WGS may allow additional cost savings resulting from earlier control of hospital outbreaks and infection prevention. As sequencing costs continue to fall and resources for fast and accurate sequence interpretation improve, we anticipate that WGS will be regularly incorporated into routine microbiological surveillance and infection control programs.
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